Phosphatidylglycerol (PG) depletion suppressed the oxygenevolving activity of Synechocystis PCC6803 pgsA mutant cells. Shortage of PG led to decreased photosynthetic activity, which, similar to the effect of high light exposure, is likely to generate the production of reactive oxygen species (ROS) or free radicals. Protection of the PG-depleted cells against light-induced damage increased the echinenone and myxoxanthophyll content of the cells. The increased carotenoid content was localized in a soluble fraction of the cells as well as in isolated thylakoid and cytoplasmic membranes. The soluble carotenoid fraction contained carotene derivatives, which may bind to proteins. These carotene-protein complexes are similar to orange carotenoid protein that is involved in yielding protection against free radicals and ROS. An increase in the content of myxoxanthophyll and echinenone upon PG depletion suggests that PG depletion regulates the biosynthetic pathway of specifi c carotenoids.
Introduction
Carotenoids are essential and widely distributed pigments of microbial, animal and plant organisms. These pigments act as protective agents in processes related to oxidative ( Dingle and Lucy 1965 ) and photosynthetic electron transport ( Powles 1984 ) . They maintain the integrity of the photosynthetic apparatus ( Szabo et al. 2005 ) .
Phosphatidylglycerol (PG) is the only phospholipid constituent of photosynthetic membranes ( Wada and Murata 1998 ) . It plays an essential role in protection mechanisms directed against low-temperature stress ( Murata et al. 1982 , Murata 1983 , Moon et al. 1995 . Our earlier studies with the mutant pgsA , defi cient in PG synthesis, of Synechocystis PCC6803 demonstrated that PG plays an important role in oxygen evolution ( Hagio et al. 2000 ) , in the formation of PSII dimers ( Sakurai et al. 2003 ) , in electron transport between the primary (Q A ) and secondary (Q B ) electron-accepting plastoquinones of PSII , in trimer formation of PSI and in electron transport in PSI ( Domonkos et al. 2004 ). All these data suggested an indispensable role for PG in both PSI and PSII reaction centers. PG depletion resulted in a decrease of the Chl content of cells and in a general slowing down of photosynthetic processes. We detected a suppression of electron transport from Q A to Q B , which may lead to an over-reduction of Q A and to the generation of Q A 2- . A similar phenomenon was observed by Vass and co-workers upon high light illumination of photosynthetic organisms ( Vass et al. 1992 ) . The repression of photosynthetic processes is likely to lead to the generation of reactive oxygen species (ROS) and of extremely destructive free radicals. Photosynthetic organisms contain carotenoids as protective agents to combat these deleterious molecular species. Recent crystallographic studies revealed that both PSI and PSII contain a high number of these molecules ( Zouni et al. 2001 , Loll et al. 2005 . Various kinds of stress regulate and control the energy production of photosynthesis. Both in cyanobacteria and in higher plants carotenoids yield protection of the photosynthetic apparatus against light stress. In higher plants, the xanthopyll cycle co-ordinates this type of protective mechanism through zeaxanthin ( Demmig-Adams 1990 , Latowski et al. 2004 ). Cyanobacteria do not have this mechanism, although they contain various kinds of carotenoid. In Synechococcus PCC7942, beside β -carotene, its hydroxylated derivatives, zeaxanthin, caloxanthin and nostoxanthin, were found ( Gombos and Vigh 1986 ) . Light stress induces the accumulation of carotenoids in cyanobacterial cells ( Masamoto and Furukawa 1997 ) . Another stress factor which can generate elevated levels of carotenoids is low temperature stress. Low temperature stress increases the myxoxanthophyll content of Cylindrospermopsis raciborskii cells . Carotenoids are known to affect the structure of photosynthetic membranes ( Gruszecki and Strzalka 2005 ) . Stress-induced carotenoid accumulation was observed in both thylakoid and cytoplasmic membranes ( Masamoto et al. 1999 ) . In thylakoid membranes, the accumulation of xanthophylls may protect the reductive electron transport chain against the formation of free radicals, while in cytoplasmic membranes the accumulation of zeaxanthin may protect the oxidative electron transport chain against free radicals in cyanobacteria ( Schafer et al. 2005 ) , plants ( Shao et al. 2008 ) and mammals ( Kowluru et al. 2008 ) . Another alternative protection mechanism in cyanobacteria is the synthesis of orange carotenoid protein (OCP). OCP strongly interacts with thylakoids. It also acts as a photo-receptor and controls and reduces the level of energy that is collected in phycobilisomes and transferred to PSII reaction centers ( Wilson et al. 2006 ) . Carotenoids are indispensable molecules not only for the functioning of the photosynthetic apparatus but also for the assembly of PSII reaction center complexes. In a carotenoid-less phytoene synthetase mutant of Scenedesmus the formation of PSI reaction centers took place but the formation of PSII reaction centers was blocked ( Humbeck et al. 1989 , Sandmann et al. 1997 . A similar phenomenon has been observed in crtH , a carotenoid mutant of Synechocystis PCC6803 ( Masamoto et al. 2004 ) , which was defective in cis to trans carotene isomerization. This isomerization will occur autocatalytically in the crtH mutant when cells are illuminated by light.
In the present study we show that in Synechocystis PCC6803 pgsA cells, PG depletion induces an accumulation of myxoxanthophyll and echinenone, and that in both thylakoid and cytoplasmic membranes the enhanced synthesis of these carotenoids may result in an elevated protection against the PG depletion-generated suppression of photosynthetic activity.
Results

Oxygen-evolving activity of pgsA mutant cells upon PG depletion
We measured the photosynthetic oxygen-evolving activity from water to carbon dioxide via PSII and PSI of pgsA mutant cells upon PG depletion. Following 12 d of culturing, the optical density of PG-supplemented and PG-depleted cultures did not differ signifi cantly from each other (data not shown). It has been shown earlier ( Hagio et al. 2000 ) that pgsA cells exhibited a permanent decrease in photosynthetic oxygenevolving activity for 8 d from the onset of PG depletion. Following PG depletion for 21 d, there was a decrease in oxygen-evolving activity down to about 30% of the initial value characteristic of PG-supplemented cells ( Table 1 ) . If the oxygen-evolving activity of PSII was measured after the addition of 1,4-p -benzoquinone (pBQ), an artifi cial electron acceptor, oxygen evolution from water to pBQ via PSII decreased more dramatically than that from H 2 O to CO 2 and was completely blocked following 3 d of PG depletion. We have demonstrated ( Hagio et al. 2000 ) the inhibitory effect of pBQ on oxygen evolution and explained it by the lack of PG at the Q B site, which perturbs the electron transport between Q A and Q B .
Carotenoid composition of cells and isolated membranes
In order to analyze the carotenoid composition and the localization of carotenoid pigments in Synechocystis PCC6803 pgsA cells, we isolated the thylakoid and cytoplasmic membrane fractions from PG-supplemented and PG-depleted cells. The separation of cytoplasmic and thylakoid membrane layers by ultracentrifugation on a discontinuous sucrose density gradient revealed that the PG-depleted samples (-PG14d and -PG21d) contained more carotenoids than the PG-supplemented (+PG) sample, especially in the upper part of the gradient which contained a water-soluble nonmembrane fraction of the cells ( Fig. 1 ) . A shift in the absorption maximum of carotenoids (from 458 nm of β -carotene to 466 nm of echinenone and 480 nm of myxoxanthophyll) may cause the darker color of the cytoplasmic membrane fraction.
The absorption spectra of pigments extracted from pgsA cells and from isolated membrane fractions also pointed to an increase in the carotenoid content of PG-depleted samples on a Chl basis ( Fig. 2 ) .
The Chl to protein ratio in the cells was measured during 21 d of cultivation ( Fig. 3 ) . In wild-type cells this ratio increased gradually during cultivation from about 0.04 to 0.06 Chl/protein. During these 21 d of Chl accumulation, the protein content either remained constant or decreased slightly. In pgsA cells the Chl to protein ratio decreased signifi cantly during PG depletion from about 0.045 to about 0.03. This change refl ected a straightforward decrease in Chl concentration, as we showed previously ( Domonkos et al. 2004 ) , without any dramatic alteration of cellular protein content.
We subjected the carotenoid species extracted from pgsA cells and from isolated membrane fractions to HPLC analysis. Four main carotenoid species, myxoxanthophyll, zeaxanthin, echinenone and β -carotene, were identifi ed on the basis of their absorption spectra and their retention times ( Fig 4 ) . Since the difference in retention times between Chl and echinenone was too small, the echinenone content was calculated from the absorbance at the maximum (460 nm) of its spectrum ( Fig. 4C ).
The total carotenoid content of the cells and of isolated membranes was calculated from the HPLC chromatograms ( Table 2 ). The calculated amounts of all detected carotenoid derivatives were normalized to mg of Chl and to mg of protein. The total carotenoid content of both PG-depleted whole cells and thylakoid membranes increased slightly if compared on a Chl basis. These results correlate with the absorption spectra of pigments extracted from whole cells and from membrane fractions. On the other hand, the total carotenoid content calculated on a protein basis decreased in all PGdepleted samples that were analyzed.
Distribution of different carotenoid species in cells and subcellular fractions
The relative content of the individual carotenoid species was estimated from their peak areas in the chromatograms ( Table 3 ). The proportion of myxoxanthophyll and echinenone in the carotenoids of PG-depleted intact cells, isolated membranes and cytosol proved to be higher than in the corresponding PG-supplemented controls. The relative amount of myxoxanthophyll increased by 160, 50, 160 and 94% in the PG-depleted whole cells, cytosol, thylakoid and cytoplasmic membranes, respectively, relative to that of the PGsupplemented cells. The relative amount of echinenone also increased by 23, 44, 24 and 71% in the PG-depleted whole cells, cytosol, thylakoid and cytoplasmic membranes, respectively, compared with the PG-supplemented samples. However, the relative amount of β -carotene and of zeaxanthin was lower in the PG-depleted samples than in the PGsupplemented samples. Fig. 5 shows the amounts of carotenoid species calculated on a Chl basis in PG-supplemented and PG-depleted pgsA cells as well as in thylakoid membranes. The β -carotene and zeaxanthin contents decreased in the PG-depleted samples relative to those of the PG-supplemented cells. The amount of myxoxanthophyll increased approximately 3-fold in all PG-depleted samples, and the amount of echinenone was twice as high in the PG-depleted thylakoid membranes and to a lesser extent in whole cells than in PG-supplemented cells.
The amounts of β -carotene and zeaxanthin, when expressed on a protein basis, decreased ( Fig. 6 ) in the PG-depleted samples relative to those of the PG-supplemented samples. The echinenone content increased to a very small extent in both PG-depleted whole cells and thylakoid membranes. Nevertheless, a 2-fold increase in echinenone content was found in the cytoplasmic membranes of PG-depleted cells compared with that of the cells grown in the presence of PG. The myxoxanthophyll content calculated on a protein basis increased 1.5-to 2-fold in all PG-depleted samples compared with the PG-supplemented samples. In PG-depleted samples, the amount of other carotenoid derivatives increased on a Chl basis and in cytoplasmic membranes also on a protein basis. However, the relative amount of other carotenoid derivatives was very low (<5%) relative to that of the four main carotenoids (see Table 3 ).
Discussion
PG depletion resulted in a remarkable suppression of photosynthetic oxygen-evolving activity of Synechocystis PCC6803 pgsA cells similar to what has been published earlier for pgsA ( Hagio et al. 2000 ) and PAL cdsA ( Laczko-Dobos et al. 2008 ) mutants. These results suggested that PG depletion affects photosynthetic activities generally and PSII activity specifi cally. The comparison of absorption spectra of intact cells and membrane fractions revealed an apparent accumulation of carotenoid pigments, calculated on a Chl basis, in PGdepleted pgsA mutant cells. PG depletion was accompanied by a gradual decrease of the Chl/protein ratio (approximately 30% after 21 d of culture) ( Fig. 3 ) . Under the same experimental conditions, the carotenoid content per mg of protein decreased about 20% ( Table 2 ). These results indicate that either the carotenoid pool is more resistant to alterations caused by PG depletion or, more probably, some carotenoid derivatives could be overproduced in response to the decreasing content of PG in cyanobacterial cells. The suppressed photosynthetic electron transport processes may generate deleterious substances such as ROS and other free radicals against which the organism is to be protected in some way. Carotenoids are among the most potent molecules that are able to protect photosynthetic and other energygenerating processes against various stress effects.
In Synechocystis , carotenoids are synthesized via a branched pathway initiating from common precursors. Lycopene is a central molecule that is present in the synthetic pathway of all carotenoids and their intermediates. Our results suggest a PG depletion-induced enhanced synthesis of two major carotenoids, myxoxanthophyll and echinenone, on the one hand, and suppression of β -carotene and zeaxanthin synthesis on the other. This differential effect of PG starvation could be explained by differences between the metabolic pathways leading to the biosynthesis of the different carotenoids ( Lagarde et al. 2000 ) . Synthesis towards myxoxanthophyll and a group of β -carotenes, echinenone and zeaxanthin, is branched at γ -carotene ( Fig. 7 ) . The second branching point is at β -carotene, where the synthesis of echinenone and that of zeaxanthin diverge. Our results suggest that these synthetic steps are regulated differently. The increase in the relative content of echinenone can be explained by its higher stability compared with those of other carotenoid species of Synechocystis ( Steiger et al. 1999 ) , whereas its absolute increase in the cytoplasmic membrane can be due to enhanced biosynthesis. However, the higher amount of myxoxanthophyll, a less stable carotenoid species, seems to indicate enhanced biosynthesis of this compound. The two up-regulated carotenes, myxoxanthophyll and echinenone, are special protective agents. Myxoxanthophyll is preferentially synthesized in high light and gives the strongest protection against both light ( Steiger et al. 1999 ) and cold stress. Myxoxanthophyll is also required for the formation of normal cell wall structure and it stabilizes thylakoid membranes ( Mohamed et al. 2005 ) . Induction by high light exposure of myxoxanthophyll biosynthesis in Synechocystis PCC6803 has been demonstrated by Mohamed and Vermaas (2004) . However, very little is known about the biological function of both myxoxanthophyll and echinenone.
The increased myxoxanthophyll and echinenone content of the PG-depleted cells was detected in the membranes; nevertheless, a signifi cant amount of carotenoids was also found in the cytosol. The accumulation of carotenoids was demonstrated in the upper non-membrane layer of the sucrose gradient ( Fig. 1 ) . Accordingly, we found increased myxoxanthophyll and echinenone contents in the cytosol of PG-depleted cells. Since carotenoids are not water-soluble molecules, they should be bound to proteins in the cytosol. In cyanobacteria, orange carotenoid-binding proteins were found to maintain the carotenoids in the aqueous phase ( Kerfeld 2004 ) . Carotenoids occur in all parts of the cyanobacterial cell. Earlier studies suggested that carotenoid-binding proteins were present in cytoplasmic membranes ( Bullerjahn and Sherman 1986 ) . Carotenoids were also localized to outer membranes ( Jurgens and Weckesser 1985 ) . The carotenoids in the outer membrane were found to be oriented ( Jurgens and Mantele 1991 ) . The increased amount of myxoxanthophyll pointed to the importance of this carotenoid in protection against a PG depletion-generated slowdown of photosynthetic processes. High amounts of echinenone and myxoxanthophyll seem to protect the structure and function of the photosynthetic apparatus of cyanobacterial cells.
We concluded as follows. (i) PG depletion suppresses the oxygen-evolving activity of Synechocystis PCC6803 pgsA cells by blocking pBQ-assisted, PSII-related oxygen evolution. (ii) PG depletion of Synechocystis PCC6803 pgsA cells decreases the amounts of β -carotene and zeaxanthin in the photosynthetic membranes. A decrease in zeaxanthin content suggests that the biosynthetic pathway between β -carotene and zeaxanthin is down-regulated by PG depletion. (iii) Upon PG depletion, myxoxanthophyll accumulates in all fractions of pgsA cells, while the absolute amount of echinenone increased exclusively in cytoplasmic membranes. (iv) An increase in the level of both echinenone and myxoxanthophyll suggests that the biosynthetic pathways leading to these carotenoids, more precisely the pathway between γ -carotene and myxoxanthophyll ( Fig. 7 , marked 2) and that between β -carotene and echinenone ( Fig. 7 , marked 3) , are up-regulated.
Materials and Methods
Organism and growth conditions
Synechocystis PCC6803 pgsA mutant cells were grown photoautotrophically in BG11 medium ( Allen 1968 ) supplemented with 5 mM HEPES-NaOH (pH 7.5), 20 µ g ml -1 kanamycin and 20 µ M dioleoyl-PG (18:1/18:1 PG) (P-9664, Sigma, St Louis, MO, USA) at 30°C under continuous illumination at a light intensity of 30 µ mol photons m -2 s -1 . PG depletion was achieved by washing the cells twice with PG-free medium and keeping them afterwards in PG-free medium. Cultures were aerated on a gyratory shaker at 100 r.p.m. The Chl concentration was determined at 665 nm after extracting the pigments with 90% methanol.
Measurement of photosynthetic activity
The photosynthetic oxygen-evolving activity from H 2 O to CO 2 and the PSII-specifi c oxygen-evolving activity from H 2 O to exogenously added artifi cial quinones (500 µ M pBQ) were measured in intact cells with a Clark-type oxygen electrode (Hansatech Instruments, Kings Lynn, UK) as described by Gombos et al. (2002) . To measure oxygen evolution, the cells were washed and resuspended in fresh BG11 medium. Light from an incandescent lamp equipped with a red optical fi lter was used for all the oxygen evolution measurements at a saturation light intensity of 500 µ E m -2 s -1 . The Chl concentration of the cells was adjusted to 5 µ g ml -1 .
Isolation of thylakoid and cytoplasmic membranes
Thylakoid and cytoplasmic membranes were isolated by the method of Murata and Omata (1988) , with some modifi cations. The 0.2% lysozyme-treated (37°C, 2 h) and pelleted cells were disrupted with 0.1 mm glass beads in a Bead Beater homogenizer (Biospec Products, Bartlesville, OK, USA) in the presence of 1 mM phenylmethylsulfonyl fl uoride (PMSF) protease inhibitor. The disrupted cells were treated with 0.1% DNase for 15 min, and the unbroken cells were removed by centrifugation (10 min, 7,000× g ). The membrane vesiculi were ultracentrifuged in a discontinuous sucrose density gradient (130,000× g , 16 h, 4°C). After fl otation centrifugation, the cytoplasmic membranes formed a yellow band in the 30% sucrose layer, and the thylakoid membranes formed a green band at the interface between the 39 and 50% sucrose layers.
Cytosolic fractions were isolated from PG-supplemented and PG-depleted cells that were suspended in a buffer containing 50 mM MES (pH 6.5), 2 mM ε-amino-caproic acid, 5 mM EDTA, 1 mM PMSF and 1 mM benzamidine. Cells were disrupted with 0.1 mm glass beads in a Bead Beater homogenizer. Intact cells, cell walls and all membranes were removed by ultracentrifugation (45 min, 145,000× g , 4°C). Pigments were extracted from lyophilized supernatants.
Protein determination
Protein concentrations in whole cells and in isolated membranes were measured in the pellet after pigment extraction, using a micro Lowry method ( Yeang et al. 1998 ) and bovine serum albumin as standard.
Absorption spectra
Absorption spectra of extracted pigments (dissolved in 100% methanol) were recorded on a Shimadzu UV-1601 spectrophotometer. All spectra were normalized at 666 nm.
Pigment analysis
Synechocystis PCC 6803 pgsA cells and subcellular fractions isolated from them were extracted with acetone : methanol (7 : 2 v/v) and centrifuged for 3 min at 4°C in a Sigma K-18 centrifuge (20,000× g ). The supernatant fl uid was evaporated under nitrogen gas and the extracted pigments were dissolved in HPLC-grade ethanol.
Pigments were separated on a Prostar HPLC system (Varian, Miami, FL, USA), equipped with a photodiode array spectrophotometric detector Tidas I (World Precision Instruments, Sarasota, FL, USA) and a Nucleosil 100 C18 reversed phase column, 5 µ m particle size (Technokroma, Barcelona, Spain), using the solvent system described by Lagarde et al. (2000) . Samples (100 µ l) were fi ltered through a stainless steel fi lter ( φ = 0.22 µ m) and loaded on the column equilibrated with Solvent A (acetonitrile : water : triethylamine, 9 : 1 : 0.01 by vol.). The column was eluted with Solvent B (ethyl acetate 100%), by a three-step gradient (0-40% B for 10 min, 40-60% B for 10 min, 60-100% B for 3 min) followed by an isocratic hold (2 min) at 100% B. During separation, a constant fl ow rate of 1.5 ml min -1 was ensured. The absorption spectra of the eluate (380-800 nm) were recorded every 0.2 s.
Carotenoid derivatives were identifi ed on the basis of both their absorption spectra and their retention times. The relative content of each pigment was estimated by a comparison of peak areas on chromatograms recorded at 440 nm. The concentrations of carotenoid species were calculated from Beer-Lambert's law using their specifi c extinction coeffi cients at 440 nm ( Mantoura and Llewellyn 1983 ) . The echinenone content was calculated from Beer-Lambert's law using its specifi c extinction coeffi cient at 460 nm ( Britton 1995 ) . In order to calculate carotenoid to Chl ratios in the samples, Chl contents were also calculated from BeerLambert's law, using its specifi c extinction coeffi cient at 665 nm ( Lichtenthaler 1987 ) . Values are means ± SD from at least three individual experiments. 
